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ABSTRACT 
The specific volume of dry protein is of interest in the interpretation of electron micrographs 
of protein molecules. A  pycnometer with helium gas as the fluid is described and measure- 
ments on dry powders of lysozyme, ovalbumin, bovine serum albumin, and fibrinogen are 
reported.  The values obtained exceed those from determinations on solutions by an average 
of 1.4 per cent when the latter measurements are uncorrected for electrostriction. 
The  specific  volume  of  proteins  in  solution  has 
been  extensively  studied  both  for  its  relation  to 
the amino acid  composition and structure of pro- 
teins,  and  for  its  importance  in  connection with 
molecular  weight  determinations  by  sedimenta- 
tion and diffusion. To our knowledge,  the specific 
volume of dry protein powders has not been meas- 
ured previously. A  method for measuring the spe- 
cific  volume  of samples  of  dry  protein  weighing 
less  than 0.5  gram  is  described  in  this paper.  As 
well  as  providing  an  independent  method  with 
which to compare the solution measurements,  the 
measurements on dry protein are of interest in the 
interpretation  of electron  micrographs  of macro- 
molecules.  In preparation for electron microscopy 
studies,  macromolecules are invariably dried.  For 
example,  in  the  technique  of Hall I  a  solution  of 
protein or nucleic acid in volatile buffer is sprayed 
upon  a  mica substrate which is  then placed  in  a 
chamber and the latter evacuated  to  10  -4 to  I0  -~ 
mm Hg prior to "shadow-casting." The evacuation 
completely  dries  the  molecules,  which  under 
physiological  conditions  are  in  aqueous  solution, 
or at least in a  moist environment. We might hope 
to  be able  to  extend  the electron microscope  ob- 
servations on dry molecules to the same molecules 
under physiological (wet) conditions by measuring 
: Hall,  C.  E.,  J.  Biophysic.  and Biochem.  Cytol.,  1956, 
2, 625. Proc. Nat. Acad. Sc.,  1956,  42, 801. 
changes  in  other  physical  properties  in  passing 
from  the  dehydrated  to  the  hydrated  state.  One 
such  property  is  the  specific volume.  Knowledge 
of the  dry  specific volume  has further use  in  the 
calculation of molecular weight based on the vol- 
ume determined  from electron  micrographs.  The 
results presented  here show  that little error is in- 
troduced  into  this  calculation  by  use  of  specific 
volume from solution measurements. 
EXPERIMENTAL 
The  apparatus  for  measuring  the  volume  of  dry 
protein powders is modeled after that used by Schumb 
and  Rittner  2 for powders  of inorganic salts.  In  this 
method  one  first  measures  the  change  in  pressure 
required  to  decrease  a  given  volume  of  gas  by  a 
fixed  amount,  and  then  repeats  the  measurement 
when part of the original gas volume is occupied by a 
known weight of powdered protein. 
Adsorption  of  gas  by  the  powder  will  give  a 
spuriously low value for the volume. For example, on 
the same sample of bovine serum albumin, the volume 
obtained using air as the measuring gas is 2.5 to  3.0 
per cent lower than when helium is used.  Moisture 
in the measuring gas will also produce low values. To 
minimize these effects, helium, dried and purified by 
by passage through a  liquid nitrogen trap,  was used 
for the measurements reported in Table I, column (a). 
2 Schumb,  W.  C.,  and  Rittner,  E.  S.,  J. Am. Chem. 
Sot.,  1943,  65,  1692. 
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volume  measurement.  For  example,  the  specific 
volume  (measured with air)  of pieces of calf hemo- 
globin  aggregate,  dried  from  a  solution  in  volatile 
buffer and then chipped from the walls of the beaker, 
was 0.804 cm3gm  -1.  After grinding this preparation 
in a  mortar and pestle, the specific volume dropped 
to  0.776,  and  then to  0.729  after grinding between 
glass  plates. Experiments of this type indicated that 
the finest mechanical powdering might not produce a 
molecular dispersion. The protein powders used for 
the  measurements  reported  in  Table  I  (a),  were 
produced  by  lyophilization from  aqueous,  salt-free 
solutions.  (A  great  amount  of denaturation  attends 
the lyophilization of hemoglobin. For this reason no 
immediately after the measurements. The weights of 
protein were in the range 0.30  to 0.46  gm, and the 
corresponding  range  of  pressures  to  which  the 
proteins were ultimately subjected was 0.84  to 0.92 
atm above atmospheric. 
MATERIALS 
Lysozyme,  ovalbumin,  and  bovine  albumin  were 
obtained from Nutritional Biochemicals Corporation 
as  3X,  2X,  and  2X  crystalline,  respectively. The 
proteins were dialyzed for 48 hours against frequently 
changed distilled water, then filtered and lyophilized. 
The extinction coefficient at 280 m# of the lyophilized 
lysozyme in  0.01  N HC1  was found to be 2.39  liter 
TABLE  I 
Protein  Molecular Weight 
(a)  (b)  (c) 
Sp.  Volume  Sp.  Volume  Sp.  Volume 
Dry Protein  Solutions  Computed 
cm3gm-l  emagm-i  emZgm-I 
Lysozyme  14,000  0.75(1 )  0. 722*  0. 717" 
Ovalbumin  44,000  0.74 (4)  0. 745*  0. 738* 
Bovine serum albumin  67,000  0.73 (0)  0. 734*  0. 734* 
Bovine fibrinogen  330,000  0.73(1)  0. 713:~  0. 723* 
(human) 
Comparison of specific volumes of proteins as measured (a) on dry protein powders by the technique of 
this paper, (b) on solutions, and (c) as computed by the method of Cohn and Edsall. The molecular weights 
serve only to order the list of proteins. 
* From T.  L. McMeekin and K. Marshall, Science,  1952, 116,  142. 
Average of the values of Koenig, Bailey, and Sanger, Carroll and Laki, and Scheraga et al.  as listed 
in Table II of H.  A.  Scheraga and M. Laskowski, Jr., Advances in Protein Chemistry, (C. B. Anfinsen, 
Jr., M.  L. Anson, Kenneth Bailey, and John T.  Edsall, editors), New York,  Academic Press,  Inc., 12, 
1957,  1. 
specific volume is given for it in Table I, and caution 
is  indicated  in  interpreting the  structure  of hemo- 
globin  "molecules"  seen  in  electron  micrograph  s. 
The use of specific volume as a  parameter in studies 
of denaturation was  not  attempted.) To  the extent 
that  the lyophilized powders retain  some degree of 
molecular aggregation, the values of specific volume 
reported below are high. This effect, probably small 
compared with experimental errors, could be checked 
by comparing powders produced by lyophilization of 
solutions of decreasing concentration. 
In  general, the protein powders were stored in  a 
vacumn desiccator over phosphorus pentoxide. After 
transfer  to  the  volume-meter  flask,  samples  were 
evacuated  against  a  mechanical  pump  for  at  least 
24 hours and, in most cases, for 2 or more days. The 
temperature of the powders (constant in each set of 
measurements) was  in  the  range  21  to  25°C,  most 
measurements being made  at  23.5°C.  The  protein 
samples  were  weighed  in  the  volume-meter  flask 
gm  -I  cm  -1.  This  is  comparable with  the  value  of 
2.30 of Fromageot.  3 No attempt was made to estimate 
the  purity of the ovalbumin. 
The  extinction coefficient at  278  m#  of the  lyo- 
phillzed bovine serum albumin in 0.01  M phosphate, 
pH  7,  was  found  to  be  0.64  liter  gm-lcm  -1.  The 
weight  of the  protein  used  in  making  the  solution 
was determined on a  sample evacuated for 48 hours 
against  a  mechanical  pump.  In  terms  of  protein 
which has  been oven dried  at  105°C  for 24  hours, 
the  extinction  coefficient  is  0.65  liter  gm-lcm  -I, 
comparable with  the  value  of 0.66  of Cohn  et  al.  4 
Before  the  spectrophotometric  measurement,  the 
solution was filtered to remove the small amount of 
finely divided material which was present. The latter 
3 Fromageot, C., 8th Congr.  Chim.  Biologique,  1948, 1, 
63. 
4 Cohn, E. J., Hughes, W. L., Jr., and Weare, J. H., 
J.  Am.  Chem. Soc.,  1947, 69,  1753. 
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accounts  for  our  finding  the  smaller  extinction 
coefficient. 
Fibrinogen  was  prepared  from  Armour  bovine 
fraction I  by the method of Laki  5 with the modifica- 
tions of Sturtevant et al. 6 A mixture of preparations, 
94 to 98 per cent clottable before lyophilization, was 
used in the experiments reported here. 
RESULTS  AND  DISCUSSION 
Our data arc summarized  in column (a)  of Table 
I, and compared (b) with specific volumes obtained 
from measurements on solutions and  (c) with those 
calculated  from  the  amino-acid  composition  and 
the specific volumes  of amino-acid  residues.  The 
latter calculation, described by Cohn and  Edsall, ~ 
does not take into account the possibility of space 
in the protein which is too small to accommodate 
water or other molecules, and hence is unoccupied. 
The clectrostriction of water in the presence of the 
charged  groups  of  the  protein  requires  that  the 
observed  specific volumes from solution  measure- 
ments be increased by a  correction factor of about 
3 per cent. Waugh s has pointed out that when this 
3 per cent is taken into account the apparent agree- 
ment between data of the types in columns (b)  and 
(c) actually indicates an unoccupied space of some 
3  per  cent.  The  excluded  volume is  pictured  as 
arising from the approximation  about it of several 
main  polypcptide  chains  with  closely  packed 
amino-acid  side  chains.  The  measurements  re- 
ported here on dry protein powders require a simi- 
5 Laki, K., Arch. Biochem. and Biophysics,  1951, 32, 317. 
Sturtevant,  J.  M.,  Laskowski,  M.,  Jr.,  Donnelly, 
T. H., and Scheraga, H. A., o  r. Am. Chem. Soc.,  1955, 
77, 6168. 
7 Cohn,  E.  J.,  and  Edsall,  J.  T.,  Proteins,  Amino 
Acids, and Peptides, New York, Reinhold Publishing 
Corporation,  1943,  chapter  16,  374. 
s Waugh, D. F., Advances Protein Chem., 1954,  9,  326. 
lar  explanation,  for  the values of column  (a)  are 
on the average greater  than  those of columns  (b) 
and  (c).  Because of random  errors,  a  comparison 
of  the  averages  of  columns  (a)  and  (b)  is  more 
significant  than  row  by  row  comparison.  Since 
helium  gas  is  the  pycnometer  fluid,  electrostric- 
tion does not enter these measurements. 
When a  3 per cent correction for electrostriction 
is  made  to  the  determinations  on  solutions,  the 
specific volume for protein in an aqueous environ- 
ment exceeds that in the dry state by only 1.5 per 
cent.  The  significance  of  this  small  difference  is 
assessed  with  the  following  considerations.  (I) 
As much as half of it could be experimental error. 
(2)  The  correction for electrostriction is  approxi- 
mate, depends upon the protein and the pH, 9 and 
has been estimated to be as low as 2.5 per cent or 
as  great  as  3.5  per  cent.  (3)  Part  of  the  true 
residuum is due to the exclusion of water molecules 
from  some  regions  which  are  available  to  the 
smaller helium atoms. 
The essential agreement of the two kinds of spe- 
cific volume  measurement  indicates  that,  in  the 
passage  of these proteins  to the dry state,  there is 
neither the formation of new unoccupied space by 
the collapse of polypeptide chains upon themselves 
nor  is  there  significant  exposure  of volumes  for- 
merly excluded to the aqueous phase (except in the 
unlikely event that  both  types of change occur to 
about the same extent). By these criteria the struc- 
tures of the molecules reported upon in this paper 
are considered to be maintained upon drying. 
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